Abstract. The reaction of OH with ClO has been investigated by ab initio molecular orbital and variational transition state theory calculations. Both singlet and triplet potential energy surfaces predicted by the G2M method are presented. The reaction was shown to take place primarily over the singlet surface by two main channels producing 
---------------------------------------------------------------------------------------
Chlorine oxide radicals play a key role in the destruction of stratospheric ozone. 1, 2 There have been extensive experimental studies on the kinetics of ClO x formation and reactions with atmospheric species in conjunction with computer simulation of ozone depletion by freons. 2 Theoretically, there have been only limited studies on the chemistry of ClO x reactions, particularly for quantitative prediction of absolute reaction rates and product branching ratios.
In this series of computational studies, we focus on the chemistry of ClO x reactions with atmospheric species with special emphases on their detailed mechanisms through careful mapping of the potential energy surfaces involved. Individual rate constants and product branching probabilities will be predicted with statistical theories appropriate for the type of the systems investigated and compared with available experimental data.
For the title reaction, there have been numerous studies on its rate constants at the pressures of interest to the stratospheric chemistry. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The reaction may occur by the following mechanism with the two key product channels:
OH + ClO → HO 2 + Cl (1) → HCl + O 2 (2) HOOCl has been assumed to be the key intermediate leading to the formation of these two sets of products.
14 Reaction (1) has been shown to be the major channel in the reaction. [3] [4] [5] [6] In these studies, the branching ratio k 2 /(k 1 +k 2 ) was reported in the range of 6.5 -10 %; but the products of reaction (2) were not directly measured. Recently, there are several measurements of HCl or DCl, the branching ratio k 2 /(k 1 +k 2 ) for the two product channels have been determined. Lipson et al. 9, 10 reported the branching ratio k 2 /(k 1 +k 2 ) of 7 ± 3% for OH + ClO and 5 ± 2% for OD + ClO reactions, respectively; Bedjania et al. 12 obtained k 2 /(k 1 +k 2 ) = 3.5 ± 1% for the OH + ClO reaction. Direct measurement of the concentration of [HCl] and [OH] in the reaction by Wang and Keyser 13 found that the yield of HCl from the OH + ClO reaction, given by [HCl]/[OH] 0 , was 9.0 ± 4.8 %, independent of temperature between 218 and 298 K at 1 Torr pressure.
Theoretically, the stability of HOOCl intermediate and its structural isomers have been studied by Franciso et al. 15 and Lee and Rendell. 16 Sumathi and Peyerimhoff 17 calculated the potential energy surface (PES) of the reaction and concluded that reaction (2) was less important because of the high barrier. Dubey et al. 18 performed a box-model sensitivity analysis using the recommended value 19 of k 1 and found that the transition state (see TS5 in Fig.3 later) for HCl production must lie at least 2 kcal/mol below the reactants for the HCl yield to exceed 5%; Lipson et al. 10 performed a statistical theory calculation by adjusting the energy of TS5 to reproduce their results; they arrived at the conclusion that TS5 should locate at ~ 1.2 kcal/mol below the reactants.
In the present work, we attempt to map out the complete PES for the system and carry out the total rate constant and branching ratio calculations for the title reaction on the basis of the computed PES using a variational statistical method. The results of this study are presented herein.
II. COMPUTATIONAL DETAILS
The geometry of the reactants, products, intermediates and transition states of the title reactions have been fully optimized by using the hybrid density functional B3LYP method (Becke's three-parameter nonlocal exchange functional [20] [21] [22] with the correlation functional of Lee, Yang, and Parr 23 ) with the 6-311+G(3df, 2p) basis set. Vibrational frequencies employed to characterize stationary points, zero-point energy (ZPE) corrections have also been calculated at this level of theory, and have been used for the coupled rate constant calculations. All the stationary points have been positively identified for local minima (with the number of imaginary frequencies NIMAG = 0) and transition states (with NIMAG = 1). Intrinsic reaction coordinate (IRC) calculations 24 have been performed to confirm the connection of each transition state with designated intermediate.
The total G2M energy with zero-point energy (ZPE) correction is calculated as follows:
where n α and n β are the numbers of valence electrons, n α ≥ n β . All calculations were carried out with Gaussian 98. 26 The rate constants were computed with a microcanonical variational RRKM (Variflex 27 ) code which solves the master equation 28, 29 involving multi-step vibrational energy transfers for the excited intermediate HOOCl ÷ . The energies for the intermediates and transition states calculated at the G2M (CC2) level were used in the calculation. Similar to our previous calculations [30] [31] [32] with the Variflex code, the component rates were evaluated at the E, J-resolved level. In order to achieve convergence in the integration over the energy range, an energy grain size of 20 cm -1 was used for the temperature range 200 -500 K, and 100 cm -1 for the temperature range 1000 -2500 K. These grain sizes provide numerically converged results for all temperatures studies with the energy spanning range from 12447 cm -1 below to 67000 cm -1 above the threshold. The total angular momentum J covered the range from 1 to 241 in steps of 10 for the E, J-resolved calculation. For the barrierless transition states, the Morse potential,
was used to represent the potential energy along the minimum energy path of each individual reaction coordinate. In the above equation, R is the reaction coordinate (i. e. the distance between the two bonding atoms; O-O or O-Cl in this work), D e is the bond energy excluding zero-point energy and R e is the equilibrium value of R. For the tight transition states, the numbers of states were evaluated according to the rigid-rotor harmonic-oscillator approximation.
III. RESULTS AND DISCUSSION
A. Potential Energy Surfaces and Reaction Mechanism The geometry of the reactants, intermediates and products optimized at the B3LYP/6-311+G(3df, 2p) level is shown in Fig.1 , while those of the transition states optimized at the same level are displayed in Fig.2 . The singlet and triplet potential energy diagrams obtained at the G2M (CC2) level are presented in Figs. 3 and 4 ; the total and relative energies of the siglet and triplet species involved in the reaction are compiled in Table 1 and the vibrational frequencies and moments of inertia of the species are summarized in Table 2 .
a). Singlet Reaction Channels
HOOCl, HOClO and HClO 2 intermediates and their isomerization. The two O atoms of the OH and ClO radicals approach one another to form HOOCl with C 1 symmetry as shown in Fig.1 . The dihedral angle at the B3LYP/6-311+G(3df, 2p) level of theory is predicted to be 88.7°, which is close to the values of 88.4, 88.2 and 89.1° obtained by Sumathi and Peyerimhoff, 17 Francisco et al. 15 and Lee and Rendell, 17 but it is about 0.03 Å shorter than those obtained at CCSD(T)/TZ2P 16 and CAS(12, 12)/6-31G (d, p). 17 Apparently, the HOOCl structural parameters are sensitive to the methods employed. At the G2M(CC2)//B3LYP/6-311+(3df,2p) level, HOOCl lies below the reactants by 35.6 kcal/mol, which is about 8 and 4 kcal/mol lower than those obtained at the B3LYP/6-311++G(2df, 2pd) 17 and MP2/6-311G(2d, 2p) 15 levels. Besides the HOOCl structure, there are two other isomers, HOClO and HClO 2 . In HOClO (chlorous acid), the OCl and ClO bond lengths are different. The OCl bond length shows stronger basis-set and electron-correlation effects than that of the ClO bond. For instance, O-Cl bond length predicted at the B3LYP/6-311+(3df, 2p) level is 1.707 Å; however, at the B3LYP/6-311++G (2df,2pd), 17 MP2/6-311G(2d, 2p), 15 CCSD(T)/TZ2P 16 and CAS (12, 12)/6-31G (d, p) 17 levels of theory, it was predicted to be 1.719, 1.752, 1.755 and 1.1.768Å, respectively. The ClO bond length predicted by the corresponding five methods are 1.507, 1.517, 1.503, 1.536 and 1.543 Å , respectively. HOClO lies below the reactants by 28.6 kcal/mol, almost 9 kcal/mol less stable than HOOCl, which can isomerize to HOClO via TS1 (see Fig. 2 ). TS1 shows a loose structure, the breaking O-O and the forming O-Cl bond lengths, 2.131 Å and 2.243 Å, are consistent with the corresponding bond lengths 2.140 and 2.243 Å predicted at the B3LYP/6-311++G(2df, 2pd) level. 17 The isomerization barrier is 39.3 kcal/mol at the G2M level, which is about 12 kcal/mol lower than that predicted at the B3LYP/6-311++G (2df, 2pd) level of theory. The difference mainly arises from the coupled cluster correction and "higher level correction" included in the G2M(CC2) method.
The third isomer, HClO 2 , has C 2v symmetry. In HClO 2 , the Cl-O bond length is 0.261 Å shorter than that in HOOCl and 0.038 Å shorter than the terminal Cl-O bond length in HOClO, probably because of the resonance effects in HClO 2 . 15 This isomer lies above the reactants by 13.6 kcal/mol. The isomerization between HOClO and HClO 2 has large, 67.6 kcal/mol barrier, as shown in TS2 of Fig. 2 17 at the B3LYP/6-311++G(2df, 2pd) but different from that obtained at the QCISD/cc-pVDZ level 18 . At the QCISD/cc-pVDZ level, 18 the breaking Cl-O and the forming H-Cl bond lengths, and the OOCl bond angle in TS5 are 2.66, 2.36 Å and 85°, respectively. The barrier height at TS5 relative to HOOCl at the G2M//B3LYP/6-311+G(3df, 2p) level is 33.5 kcal/mol, which is about 10 kcal/mol lower than the the value of 43.1 cal/mol obtained at the B3LYP/6-311++G(2df, 2pd) level, 17 but it is much closer to the value, 29.3 ± 3 kcal/mol, 18 predicted by multireference CISD method. Similar results predicted by the G2M//B3LYP/6-311+G(3df, 2p) and the CASSCF methods for the formation of singlet 1 O 2 were also obtained for the H 2 O + 2HO 2 reaction. 33 The reaction producing HCl + 1 O 2 is exothemic by 30.2 kcal/mol based on our calculation.
It should be mentioned that the predicted TS5 energy, -2.1 kcal/mol relative to the reactants, agrees closely with the values -2 kcal/mol by Dubey et al. 18 and -1.2 kcal/mol by Lipson et al. 9 obtained by fitting experimentally observed branching ratios. 3 HOClO and the dissociation of the trans-HOOCl dissociates via a three-centered transition state TS11 with a barrier height of 31.4 kcal/mol. Comparing TS9 with TS11, one can see that in TS9 the H atom migrates from one O atom to other accompanied by Cl-atom elimination; whereas in TS11, the H atom migrates from the connecting O atom to another followed by the elimination of the first O atom. Both channels are unfavorable on account of the high entrance barriers.
B. Rate Constant Calculations
Variational TST and RRKM calculations have been carried out for the rate constant of this reaction with the Variflex code 27 by including the following channels:
2) The energies used in the calculation are plotted in the Fig. 3 and the vibrational frequencies and moments of inertia are listed in Table 2 . The L-J parameters required for the RRKM calculations for HOOCl, e = 409 K and σ = 3.1 Å, were derived from deconvoluting the L -J potential of the He-HOOCl system obtained by our ab initio calculation at the B3LYP/6-311+G(3df, 2p) level. The ε and σ parameters for the HeHOOCl collision pair were determined to be 64.0 K and 3.1 Å by fitting the L -J function, 34 V = 4ε [(σ/r) 12 -(σ/r) 6 ]. The L-J parameters for He, e = 10 K and σ = 2.55 Å, were taken from the literature. 35 
a) Total Rate Constant for OH + ClO
As aforementioned, the total rate constant (k t = k 1 + k 2 ) for the reaction has been measured by many investigators. 3 3 Ravishankara et al., 7 and Burrows et al., 4 respectively. The total rate constant was found to be temperature-independent in the temperature ranges of 243 -335 K by Burrows et al. 4 and Ravishankara et al. 7 On the other hand, Hills and Howard 5 reported a negative temperature dependence with E/R = -(235 ± 46) K and k t = In the following section, the rate constant calculation and results will be presented.
From ab initio calculations we see that the formation of HOO + Cl and HCl + O 2 from the triplet path can be neglected because of the higher entrance barriers. Here we calculated the rate constants for the singlet reaction path. The association reaction of OH with ClO producing HOOCl occurs without a well-defined transition state due to the absence of an intrinsic reaction barrier. The flexible variational transition state approach originally developed by Marcus and co-workers 36, 37 has been employed by means of the Variflex code 27 as alluded to above. The association potential energy for the approach of OH to ClO producing HOOCl was calculated by varying the forming Cl-O bond distance from its equilibrium value, 1.392 to 3.8 Å, with an interval of 0.1 Å. Other geometric parameters were fully optimized at the B3LYP/6-311G(d, p) level of theory. The calculated total energy at each point was fitted to a Morse potential energy function given previously and then scaled to match the dissociation energy predicted at the G2M//B3LYP/6-311+G(3df, 2p) level of theory. The value of b in the Morse potential was determined to be 3.52 Å -1 . A similar calculation has been performed for the decomposition of HOOCl to HO 2 + Cl, which also occurs without a well-defined transition state. The dissociation potential energy function was obtained by varying the breaking O -Cl bond from the equilibrium value, 1.801 Å, to 3.6 Å at an interval of 0.1 Å. The value of b in the Morse potential was determined to be 2.56 Å -1 . In order to establish the reliability of our calculation, experimental and predicted heats of formation for some species are compared in Table 3 . It can be seen that for OClO, ClOO, HOCl, the predicted heats of formation agree reasonably with the experimental values. However, the heat of formation for HO 2 , although agrees with the old value reported in JANAF 38 (see Table 3 ), it is lower than the most recently obtained value, 4.0 ± 0.8 kcal/mol, 39 which is considered to be the most accurate one. In our rate constant calculation, both the predicted and the recent value are used. The theoretically predicted total rate constants in He are compared with available experimental data in Fig. 5 . Inspection of the results presented in Fig. 5 using both the high and low values of HO 2 heat of formation shows that the predicted absolute rate constants with the He buffer gas has a negative temperature dependence which is consistent with the experimental measurements.
9-13 Based on our G2M PES, the predicted total rate constant, which is pressure-independent below 200 atm at 200 -500 K, can be expressed by k t = 1.24 × 10 -8 T -1.09 exp(-99/T) cm 3 molecule -1 s -1 . This result is also graphically is presented in Fig. 5 as a thick dotted line with k t = 1.81 cm 3 molecule -1 s -1 at 298 K. The predicted total rate constant, consistent with some of the experimental results, 5, 6 lies between the lower 3,4,7,9 and higher 11,12,13(b) experimental values. Based on the "most accurate" heat of formation of HO 2 , 39 we obtained k t = 5.27 × 10 -9 T -1.03 exp (-40/T) cm 3 molecule -1 s -1 , which is plotted as a thick solid line in Fig. 5 , with k t = 1.31 cm 3 molecule -1 s -1 at 298 K. The predicted k t at 298 K is higher than the lowest experimental value 3 by about a factor of 1.4 and lower than the highest experimental value 11 by about a factor of 1.8. The results obtained at other temperatures are also compared with experimental values in Fig. 5 . For comparison, the predicted rate constant for the formation of HCl + 1 O 2 is plotted in the figure as a thick dashed line; this result will be discussed in the following section. Table 4 presents the computed k 2 , k t and the branching ratio k 2 /(k 1 +k 2 ) for OH + ClO and OD + ClO at 200 -2500 K, based on ∆ f H 0 (HO 2 ) = 4.0 kcal/mol. The comparison for the predicted and experimental values are plotted in Fig.6 (a) and (b) for HCl + O 2 and DCl + O 2 products, respectively. The solid lines are the predicted results using the best heat of formation for HO 2; dotted lines are those based on the G2M energies; symbols are the experimental values. 9, 10, 12 The results show that the predicted branching ratio, k 2 /(k 1 +k 2 ), agrees better with experiment using the higher heat of formation of HO 2 ; the branching ratio is nearly constant in the temperature of 200 -500 K for HCl + 1 O 2 and is slightly temperature dependent for DCl + 1 O 2 products (see Table 4 ). The predicted values, 7.3% for HCl + 1 O 2 and 4.5 -4.8% for DCl + O 2 , over the broad temperature range of 200 -500 K, agree quantitatively with experimental results: 7 ± 3% for OH + ClO and 5 ± 2% for OD + ClO determined by Liposon et al., 9 ,10 but higher than that obtained by Bedjanian et al. 12 for the former reaction, 3.5 ± 1%. At higher temperatures (1000 -2500 K), the branching ratios increase slightly to 8.4 -13.7 % for HCl + 1 O 2 and 6.1 -11.1% for DCl + 1 O 2 . The absolute values of k 1 and k 2 for OH + ClO over the temperature range 500 -2500 K can be given respectively in units of cm 
b) Products Branching Ratios

VI. CONCLUSION
The mechanism, rate constants and product branching ratios for the reaction of the ClO radical with OH and OD have been computed for the first time at the G2M level of theory in conjunction with variational RRKM calculations. The results agree closely with experimental findings in all respects. The reaction produces primarily HOO + Cl with the formation of HCl + 1 O 2 (not 3 O 2 ) amounting to about 7% over the broad temperature range of 200 -500 K. For kinetic modeling, the rate constants for both branches of the reaction have been calculated and reported for a wide range of conditions.
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